An interfacial capacitance measurement electrochemical technique has been used for the sensing of self-assembled DNA hairpin probes (M. tuberculosis and B. anthracis) attached to Au electrodes. The double-layer capacitance (C dl ) was determined with electrochemical perturbations from 0.2 V to 0.5 V versus Ag/AgCl at a Au/M. tuberculosis DNA hairpin probe at surface coverage Au electrodes. The capacitance study was done at pH 7, which was necessary to maintain the M. tuberculosis and B. anthracis DNA probes closed during the electrochemical perturbation. Detailed experimental analysis carried out by repetitively switching the electrochemical potential between 0.2 and 0.5 V (versus Ag/AgCl) strongly supports the use of capacitance measurements as a tool to detect the hybridization of DNA targets. A large change in the capacitance deference between 0.2 and 0.5 V was observed in the DNA hybridization process. Therefore, no fluorophores or secondary transducers were necessary to sense a DNA target for both DNA hairpins.
Introduction
The behavior of DNA attached onto metallic and nonmetallic surfaces via self-assembly with various chemistries (e.g., Au-S) may have applications in biomedical devices. For example, single-stranded DNA (ssDNA) self-assembled on a metallic interface such as gold [1, 2] or on nonmetals such as carbon nanotubes [3] and diamond [4] [5] [6] has potential use in DNA microarrays [7] . In addition, detection of DNA hybridization has been possible with techniques using different types of reporting, including fluorescence [8] [9] [10] [11] , chronocoulometry [12] [13] [14] , surface plasmon resonance (SPR) [15, 16] , colloidal labeling [17] [18] [19] , and polarization modulation infrared reflection absorption spectroscopy [20] . Electroactive molecules can also be used to monitor the electron transfer mechanism during the hybridization process [21] . Here, we present a nonfaradaic electrochemical method based on capacitive measurement to sense DNA hairpin modification and hybridization.
A nucleic acid probe has been developed to recognize specific DNA targets in solution [22] . These probes, called molecular beacons, are DNA hairpins with a fluorophorequencher pair, which is completely unable to fluoresce when the two components are in close proximity (i.e., closed molecular beacon). When the molecular beacon spontaneously changes its conformation (like during hybridization), the fluorophore attached to one end of the molecule is no longer quenched as the quencher moves away. The capacity of this DNA hairpin has shown to discriminate between alleles with high specificity when compared with linear DNA probes [23, 24] . Discrimination also has been demonstrated among four single-nucleotide variants when DNA amplification and DNA detection are carried at the same time in solution [25] . The thermodynamics of the DNA hairpin and its enhanced specificity in detection have been studied [26] . In solution in the presence of the target, the hairpin exists mainly in three states: (1) hybridized to the target DNA, (2) closed hairpin, and (3) as a random coil (i.e., as in nonhybridized open hairpin). The structural constrains of these three conformational states lead to the enhanced specificity. Hairpin sequence and structure may also play an influence on the binding characteristics [27, 28] . Recently, DNA sensors with hairpin probes have been presented by Liu et al. [29] and Song et al. [30] .
The mechanism used to report on hybridization must be useful under the conditions affecting the hybridization process itself (i.e., secondary structure, ionic strength, and sequence). For example, a reporting technique based on fluorescence requires a fluorophore with reasonable fluorescence quantum yield. This is affected by solvent polarity, ionic strength, and proximity to a secondary energy recipient. Electrochemical detection also requires the following as a minimum: good diffusion to the electrode, good affinity with the probe, and conformation between probe and target [8] [9] [10] [11] .
Currently, two main techniques show the most potential to report the hybridization of probe-target DNA under conditions where the end product is not affected by the force to meet with the reporter requirements: surface plasmon resonance (SPR) [15, 16] and electrochemical impedance spectroscopy (EIS) [31] .
Previously, faradaic EIS has been used to detect the hybridization of target DNA strands with DNA probes tethered onto diamond and silicon surfaces [6, 32] . Nonfaradaic electrochemical detection of proteins interactions has been demonstrated by Jacquot et al. using chemoreceptive neuron metal-oxide-silicon (CvMOS) [33] . Willner's group has worked on impedance measurements for DNA and other biomolecule sensing as well [34, 35] . Recently, we demonstrated that nonfaradaic EIS could be used to study ssDNA conformational changes under potential perturbations at the electrode-liquid interface. We were able to measure precisely the double-layer capacitance behavior of DNA strands attached to gold surfaces. The electric potential perturbation induced conformational changes in the ssDNA monolayer, which were monitored by following the changes in C dl by EIS. This technique allowed us to explore DNA/surface interfacial phenomena in detail.
In this study, we propose a new approach to characterize the electrode-electrolyte interface through non-faradic capacitive measurements by switching the applied electrochemical potential between the potential of zero charge (PZC) of the monolayer (0.2 V) and a positive potential (0.5 V). The capacitance at the potential of zero charge (PZC) is used as a reference state in which the capacitance at a higher potential is compared. To demonstrate the advantage of this methodology, we report the hybridization of two DNA hairpins self-assembled monolayers (HS-(CH 2 ) 6 -GCGAGGAACGGCTGATGACCAAACTCTCGC, M. tuberculosis hairpin) and (HS-(CH 2 ) 6 -CCGACGAGG-GTTGTCAGAGGATGCGTCGG, B. anthracis hairpin). Both hybridization events detection by non-faradic ESI used a frequency response analyzer (FRA).
Experimental Section
2.1. Materials. Trizma-Base, NaH 2 PO 4 , and MgSO 4 from Sigma-Aldrich were used as received to prepare, respectively, the 200 mM, 100 mM, and 5 mM aqueous buffer solutions at a pH of 6.15. Hairpin probes HS-(CH 2 ) 6 -GCGAGGAA-CGGCTGATGACCAAACTCTCGC (M. tuberculosis hairpin (MTHP)) and HS-(CH 2 ) 6 -CCGACGAGGGTTGTCAGAG-GATGCGTCGG (B. anthracis hairpin (BAHP)) and their respective targets CGCTCCTTGCCGACTACTGGTTTG-AGAGCG (M. tuberculosis hairpin target (MTHPT) and GGCTGCTCCCAACAGTCTCCTACGCAGCC (B. anthracis hairpin target (BAHPT) were obtained from Synthegen, LLC. Upon receipt, the M. tuberculosis and B. anthracis hairpins samples were diluted with 1 mL of Nanopure water (Barnstead Nanopure; 18.0 MΩ-cm). Aliquots were transferred to different unit containers and stored at 4
• C until use. Since the samples were received in disulfide form, before use, each aliquot was deprotected by diluting it with 1.5 mL of dithiothreitol (DTT) 0.4 M solution in 0.17 M phosphate buffer (pH 8.0) and left overnight at room temperature. The aqueous fraction of the deprotected product was separated and desalted by running through a size-exclusion NAP-10 column (Amersham Biosciences) preequilibrated with 0.01 M sodium phosphate buffer (pH 6.8). The deprotected and desalted sample was diluted with the Trizma-Na-Mg buffer pH = 6.15, to obtain a 2 μM solution of M. tuberculosis and B. anthracis hairpins.
Cyclic Voltammetry and Electrochemical Impedance Spectroscopy (EIS).
A potentiostat (Eco Chemie Autolab PGSTAT302) was used to perform the cyclic voltammetry for electrode characterization. The electrochemical impedance spectroscopy was with the potentiostat and a frequency response analyzer (FRA2) module. The frequency range used for EIS ranged from 100 kHz to 100 MHz, with AC amplitude of 10.0 mV rms.
Au Electrode Preparation.
A polished polycrystalline gold electrode (0.02 cm 2 , BioAnalytical Systems) was used as the working substrate for all experiments. The gold surface was polished to optical smoothness with successive Carbimet papers and Al 2 O 3 powder (Alpha Micropolish II deagglomerated Alumina; 5 μm, 0.3 μm, and 0.05 μm) from Buehler, Lake Bluff, Ill, USA. The electrode was rinsed with Nanopure water and sonicated for 20 minutes in ethanol (99.9%). The electrode then was electrochemically etched in 0.5 M sulfuric acid for about 20 minutes or until the electrode exhibited a distinctive decrease in the oxygen reduction peak. Upon etching, additional oxidation and reduction peaks appeared, as if etched gold byproduct has clung to the surface. To eliminate those peaks, the electrode was sonicated for about 20 minutes in ethanol and was characterized by cyclic voltammetry in 0.5 M sulfuric acid to determine the surface crystalline state and roughness factor. The roughness factor for this work ranged from 1.2 to 1.5.
M. tuberculosis Hairpin (MTHP) Self-Assembled Monolayer.
The prepared Au electrode was immersed in the MTHP sample diluted in Trizma-Na-Mg buffer at two different immobilization times: 2 hrs for the low surface coverage (Au/MTHP-L) and 16 hrs for high surface coverage (Au/MTHP-H). Then, the electrode was rinsed with the Trizma-Na-Mg buffer and placed in the electrochemical cell for the EIS measurements.
B. anthracis Hairpin (BAHP) Self-Assembled Monolayer.
The prepared Au electrode was immersed in the BAHP sample diluted in Trizma-Na-Mg buffer for 16 hrs for high surface coverage (Au/BAHP-H). Then, the electrode was rinsed with the Trizma-Na-Mg buffer and placed in the electrochemical cell for the EIS measurements.
Hybridization to M. tuberculosis (MTHP) Complementary
Target. Hybridization was performed ex situ, by immersing the modified electrode with the MTHP into a 9.5 μM solution in Trizma-Na-Mg buffer for 1 hour. Then, the electrode was rinsed with the Trizma-Na-Mg buffer and placed back in the electrochemical cell for the EIS measurements.
Results and Discussion
DNA hybridization has been monitored using different reporting techniques and devices [8, 9] . However, genetic testing requires the development of easy, fast, and inexpensive devices to report the hybridization event. Electrochemically based biosensors for DNA hybridization need to meet these requirements, and pose high specificity. Electrochemical transducers have been shown to detect the hybridization event [36] [37] [38] . The high sensitivity of electrochemical transducing devices and their potential for minimal power requirements among other advantages make them suitable for large-scale production for this use.
Among the transducing techniques reported are the uses of redox indicator or from changes in DNA capacitance/ conductivity before and after the hybridization event. Most of the capacitive measurements have been performed in a faradaic environment with a redox indicator, including a novel use of an ionchannel with a ferrocyanide redox marker [39] . On the other hand, electrochemical impedance spectroscopy (EIS) reliably measures the interfacial capacitance at fixed potentials, free from background currents commonly observed in cyclic voltammetry [40] . EIS allowed us to make high-precision measurements in order to relate the resistance and capacitance values to interfacial phenomena and the double-layer structure. The use of insulating monolayers minimized the effect of the double layer attributed to Au electrode-electrolytes own capacitance. In the GouyChapman-Stern model, the effect of the coated electrode double layer is attributed to two regions: the compact layer (C Helmholtz ), which is assumed to be an ideal capacitor, and the diffuse double layer (C Gouy−Chapman ).
In our experimental setup, the capacitance of the compact (Helmholtz) layer was replaced with the capacitance of the MTHP or BAHP monolayer. Therefore, the electrode capacitance per cm 2 , C dl , was then represented by where C Hairpin is the capacitance of the MTHP or BAHP monolayer per cm 2 and C Gouy−Chapman is the capacitance contribution from the diffuse layer per cm 2 .
We have reported on the effectiveness of the electrochemical switching on the conformation of specifically absorbed ssDNA [31] . The difference in conformation of single-stranded DNA (ssDNA) at the PZC (0.2 V) and at 0.5 V was demonstrated by the difference in the resulting capacitance. The inherent flexibility of the ssDNA and the response of the phosphate backbone to the applied potential at 0.5 V make the ssDNA pulled closer to the electrode surface. At the PZC (0.2 V), the ssDNA will return back to its initial conformation. This electrochemically induced conformational change can also be explained by the change in ion composition at each applied potential. During the change from the PZC (0.2 V) to 0.5 V, the cations are pushed away, while the anions are attracted to the electrode to keep the charge balance.
This thermodynamics of the double layer are well explained by the Gibbs adsorption isotherm. The interfacial zone can be described as the region in which intermolecular forces can be perturbed by the electrochemical potential inducing changes on the properties of a surface. Therefore, we can choose a reference interfacial state where the intermolecular forces are unperturbed, at equilibrium. This reference interfacial state is attained at the potential of zero charge (PZC), where the charge at the Au electrode and interface is zero.
From this reference state, the electrode surface can be perturbed to either negative or positive potentials to create charge excess that will induce a change in the interface characteristics to store charge in response to the perturbation
In our experiments with hairpins monolayer, we found different capacitive behaviors as compared to the ssDNA monolayer [31] . The capacitance for ssDNA monolayer was lower at PZC (0.2 V), in contrast to the observed capacitance at 0.2 V for the hairpins. As presented in Figure 1 , this difference in capacitive current could be explained by the greater blocking capacity of the compact hairpin monolayer at 0.5 V than at 0.2 V, preventing ions from approaching the surface at the higher voltage. At higher voltage positive to the PZC, the interfacial characteristics and charge change in response to the applied potential. The hairpin monolayer responds to the perturbation by the attraction of the phosphate backbone to the surface tilting the hairpin monolayer. Barton et al. have described this through AFM studies in which a polyanionic DNA can be either in upright position for repelling negative potentials or flat on surface for attractive positive potentials [41] . The monolayer formed from closed M. tuberculosis hairpin shows a difference between 0.2 V and 0.5 V of 14.6 μF/cm 2 for the first 10 switches in Figure 2 . This difference in capacitance indicates the formation of a compact monolayer with little response to electrochemical perturbation due to the closed hairpin. After exposing the M. tuberculosis to its complementary strand for 1 hr, the capacitance difference is expected to increase due to the opening of the hairpin stem upon hybridization. The result presented in Figure 2 confirms it with a 3-fold increase in capacitance difference to 45 μF/cm 2 . This increase upon hybridization is in agreement with a similar response reported after hybridization by relative fluorescent intensity using a fiber-optic evanescent wave DNA biosensor with molecular beacons probes [42] .
To explore the opportunities of this nonfaradaic impedance, a second experiment was conducted. For this, a B. anthracis hairpin sample was prepared and tested. The interfacial characteristics of the hairpin monolayer show a similar profile. As seen in Figure 3 , the capacitance difference between 0.2 V and 0.5 V for the closed B. snthracis hairpin (2.1 μF/cm 2 ) is smaller in comparison to the closed state for the M. tuberculosis hairpin. This difference is attributed to the actual surface coverage for both hairpins, being the B. anthracis with the more compacted monolayer. Upon its hybridization with its target complementary strand, the B. anthracis hairpin opens, and the interfacial capacitance increases to 18.98 μF/cm 2 , which represents approximately 9-fold increase from its closed state. The higher response is also in agreement with a higher surface coverage by the B. anthracis hairpin. The higher the surface coverage, the higher the capacitive response upon hybridization.
Though we used a reference state (PZC) for comparison, the capacitance increase presented at 0.5 V prior and after hybridization shows a 10-fold for both hairpins. This is in agreement with the results obtained with molecular beacons and flow cytometry used to detect E. coli at different time periods [41] .
Conclusions
We have reported the capacitance profile for tethered hairpins on gold surface. The differences in capacitance observed for closed hairpins can be used to characterize the nature of the surface coverage. For instance, each particular hairpin sequence will have a different conformation of its closed state affecting the actual surface coverage and subsequently the capacitance difference. In the same manner, the capacitance difference response upon hybridization will be affected by its initial surface coverage. Here, we presented the use of the capacitance at the PZC as a reference to demonstrate the hybridization of both DNA hairpins (M. tuberculosis and B. anthracis) on gold surface.
Based on previous work [31] , we found that hairpins monolayer response upon switching the potential applied to the electrode surface shows a capacitance at 0.5 V below the capacitance at PZC. This is attributed to the higher blocking effect of the closed hairpin due to its tilt conformation upon electrochemical perturbation. At PZC, the closed hairpin allows the ions to approach the surface by diffusing through the hairpins [22] .
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Finally, M. tuberculosis and B. anthracis complementary strand were detected by a nonfaradaic electrochemical impedance spectroscopy method, following the changes in double-layer capacitive current from its initial compact to a looser-hybridized state. These findings demonstrate how differential capacitive measurements can be used as a transducer method in DNA sensing. Moreover, we have presented a nonfaradaic (nonredox) electrochemical base DNA detection method. Hairpins have been shown to have the potential to detect complementary sequence in complex samples (i.e., blood clinical samples) [31] . Therefore, the creation of a DNA hairpin-gold array is possible to detect DNA hybridization by monitoring the capacitance of the hairpin-gold monolayer through nonfaradaic impedance spectroscopy.
